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ABSTRACT	 Electromagnetic	sounding	methods	represent	one	of	the	few	geophysical	techniques	
that	 can	provide	 information	 about	 the	 state	 and	 the	properties	 of	 deep	 continental	
crust	 and	 upper	 mantle.	 In	 particular,	 marine	 Controlled-Source	 Electromagnetic	
(mCSEM)	method	is	being	applied	to	offshore	hydrocarbon	exploration	and	providing	
encouraging	 results,	 as	 it	 can	 complement	 the	 information	 obtained	 from	 seismic	
elaborations,	mainly	the	position	of	the	elastic	discontinuities,	with	a	map	of	electrical	
conductivity,	 the	 principal	 “discriminator”	 between	 conductive	water-bearing	 rocks	
and	 non-conductive	 hydrocarbon	 accumulations.	 The	 processing	 of	 mCSEM	 data	
can	be	problematic	due	to	the	non-uniqueness	of	the	solution,	the	environmental	and	
equipment	noise,	and	the	high	computational	power	required	when	dealing	with	3D	
inversion. This paper proposes a simplified procedure to study and rank the sensitivity 
of	mCSEM	 in	 a	 canonical	 1D	 scenario,	with	 a	 single	 resistive	 anomaly	 embedded	







© 2017 – OGS
1. Introduction






alternative	 to	natural	 source	 sounding	 [e.g.,	magnetotelluric	method	 (MT)]	 that	 is	 sensitive	 to	
conductive	bodies	(Goldstein	and	Strangway,	1975)	and	has	several	applications	in	geothermal	
explorations	(Volpi	et al., 2003), in some circumstances. The position of the artificial source can be 
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precisely determined in order to produce the excitation fields in an optimal geometrical form, and 
also	the	source	frequency	spectrum	can	be	tailored	for	a	particular	experiment	(Boerner,	1992).	
Marine CSEM (mCSEM) methods map the electrical resistivity of the sub-seafloor structures with 
a	maximum	resolution	of	a	few	tens	of	metres	and	a	depth	of	investigation	of	several	kilometres	




Diffusion of the EM field (for a particular frequency) depends on the thickness and the 
background	resistivity	of	the	subsurface	and	on	the	properties	of	the	seawater	column.	In	a	high	
resistivity layer (e.g., caused by hydrocarbon saturation), the EM field propagates with a lower 
attenuation	 than	 in	 the	 less	 resistive	 surrounding	 sediments.	This	 is	 the	 basic	 concept	 for	 the	




and magnetic fields versus a range of offsets of particular interest. One of the advantages of 
mCSEM surveys is that the data can be acquired either by performing a simplified 1D model or 
complex	3D	ones	(Peace	et al.,	2004).	Similarly,	mCSEM	data	can	be	interpreted	with	simple	
methods,	 such	 as	 interpreting	 the	 results	 of	 the	 symmetry	 attribute	 analysis	 of	 the	 amplitude	
component	 (Dell’Aversana	and	Zanoletti,	 2008,	2010)	or	 the	phase	component	 (Ezieke	et al.,	





Fig.	 1	 -	 Schematic	 representation	 of	 the	 horizontal	 electric	 dipole-dipole	 mCSEM	method,	 which	 shows	 an	 EM	
transmitter being towed to the seafloor to maximize the coupling of electric and magnetic fields with seafloor rocks. 
These fields are recorded by instruments deployed on the seafloor at some distance from the transmitter. Seafloor 
instruments are also able to record magnetotelluric fields that have propagated downwards through the seawater layer 
(Constable,	2006).
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In this paper, we present a simplified approach for evaluating the sensitivity of mCSEM with 









In addition, we use the computed EM field responses to validate the so-called T-equivalence 
theorem (Constable, 2010), and we propose a simplified inversion procedure based on a pattern-
matching	step	between	the	observed	data	and	a	set	of	precomputed	responses.




selection of the initial model and an appropriate identification of the observable parameters. The 
latter	 is	 a	 crucial	 task	 in	many	 geophysical	 applications,	 especially	when	working	with	 large	
models, which are thought to summarize the current scientific knowledge in a mathematical 
language. In this case, in order to find physically reasonable parameter values, the main tool is a 
sensitivity	analysis	(Brun	et al.,	2001).





Nevertheless,	 in	 order	 to	 avoid	 complex	 procedures	 and	 time-consuming	 calculations,	 we	
present	a	local	SA:	instead	of	varying	the	whole	set	of	parameters	in	the	parameters’	space,	the	
local	 SA	 approach	 considers	 the	 derivatives	 of	 the	 model	 output	 with	 respect	 to	 an	 arbitrary	
reference	scenario	(reference	model).	This	approach	has	been	proven	to	be	particularly	successful	
in cases where systems are operated around predefined parameter ranges. In addition, it is a very 
promising	 approach	 in	 cases	 where	 values	 of	 some	 test	 parameters	 are	 known	 a priori,	 thus	







fields for any transmitter orientation have better resolution than vertical fields.
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On the other hand, the magnitude of the vertical electric field response (Ez)	 which	 is	 not	






thick oilfield reservoir, 100 Ω·m, buried at a depth of 1000 m, in a host sediment layer of 1 Ω·m 
under	a	1000	m	seawater	column.	Water	conductivity	is	σ=4	S/m.	The	values	reported	here	are	
the reference scenario. Using the reference scenario, we define some test parameters that will vary 
in	the	simulation	step.	They	are	the	frequency,	the	target	depth,	thickness,	and	conductivity.	The	
ranges	of	the	varying	test	parameters	are	reported	in	Table	1.
The	 output	 responses	 of	 the	model	 are	 computed	 for	 25	 receivers	 (Rx)	 tied	 at	 1	m	 above	
the seabed and an EM field transmitting-source (Tx)	towed	at	20	m	above	the	sea	bottom.	The	
maximum	 considered	 offset	 (distance	 between	 transmitter	 and	 receiver)	 is	 10000	 m.	 Fig.	 2	
summarizes all the different layers and their fixed and varying test parameters. 
The proprietary simulator, based on the Sommerfeld integral, needs a 1D model defined by 
layers and their resistivity, and computes the magnitude versus offset (MVO) and phase versus 
offset (PVO) of the inline electrical component.
Table	1	-	The	reference	scenario	and	the	ranges	of	the	test	parameters.
 Parameters Frequency (f) Depth (d) Thickness (t) Conductivity (σ) 
 Unit [Hz] [m] [m] [S/m]
 Range 0.125 – 0.75 100 – 500 10 – 500 0.01 – 1.00
 Reference Model 0.5 500 100 0.20
Fig.	2	-	Model	description.
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2.1. Derivative approach
We compute the derivatives with the central finite difference approximation, reported in Eq. 1 
(Luz	et al.,	2013):
	 (1)
where	p	 is	 a	 generic	 test	 parameter,	pref	 is	 the	 value	 of	p	 in	 the	 reference	 scenario,	∆p	 is	 the	
























magnitude of the electrical field Exi	computed	for	a	set	i	of	test	parameters	and	the	magnitude	of	
the electrical field for the reference test parameters, Exref,	as	reported	in	Eq.	4:
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respect	 to	 the	 frequency,	which	 is	 in	 reality	a	known	parameter,	and	 it	does	not	belong	 to	 the	
model	space	of	parameters,	hereafter	we	call	model	i	the	i-th	set	of	test	parameters	(so	comprising	
the	frequency	and,	if	described,	any	other	variable	parameter):
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 .	 (5)
As	in	Eq.	5,	di,ref	is	the	distance	between	the	i-th model	and	the	chosen	reference	model;	f ni,	
σ ni,	t ni,	and	d ni	are	the	normalized	frequency,	conductivity,	thickness,	and	depth	of	the	i-th model,	
respectively,	f nref,	σ nref,	t nref,	and	d nref	are	the	normalized	frequency,	conductivity,	thickness,	and	depth	
of	 the	 reference	model,	 respectively;	n	 stands	 for	 the	number	of	horizontally	placed	 receivers	
on the seafloor (i.e., 25 for our study); and Exi	and	Exref represent	the	magnitude	of	the	computed	
electrical field of the i-th and	the	reference	model,	respectively.























3. Validation of T-equivalence theorem
We	 report	 here	 a	 validation	 of	 the	 T-equivalence	 theorem	 using	 the	 data	 generated	 while	






fixed, while in Scenario B, both the thickness and the depth of the resistive layer are changed, 
keeping the centre of the layer fixed.
Scenario	A:	the	top	surface	of	the	resistive	layer	is	kept	constant	and	the	bottom	surface	changes	(i.e.,	only	the	layer	
thickness	changes).








the	 thickness	 and	 the	 resistivity	 factor	 varied	 according	 to	Table	1.	The	validation	 results	 are	
presented	in	the	following	sections.
4. Results and discussion
This	section	presents	the	results	of	the	SA	obtained	by	evaluating	the	Jacobian	matrix	and	by	
exploring	 the	 residual-distance	domain.	Moreover,	 it	 shows	 the	numerical	validation	of	 the	T-
equivalence	theorem.
4.1. Results of the Jacobian analysis
In order to investigate which parameters are more effective and influential on the electrical 
response	 (Ex), the different partial derivatives of the electrical field magnitude with respect to 
the	 investigated	 test	 parameters	 (i.e.,	 )	 have	 been	 computed	 and	
normalized	(see	Fig.	4).





From	the	previous	discussion,	we	can	infer	 that	 the	model	 is	highly	sensitive	to	frequency,	
moderately	sensitive	to	depth	and	thickness,	and	less	sensitive	to	conductivity.	The	mCSEM	model	
sensitivity	rankings	have	been	summarized	in	Table	2, while the definitive sensitivity ranking will 
be fulfilled in the following section. 
Fig.	4	-	The	normalized	partial	derivatives	with	respect	to	the	test	parameters.
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Table	2	-	The	ranking	and	the	range	of	the	sensitivity	values	with	respect	to	the	test	parameters.
 Parameters Frequency (f) Depth (d) Thickness (t) Conductivity (σ) 
  [Hz] [m] [m] [S/m]
 Range [Descriptive] Intensively Moderately Slightly Slightly
 Offset [Range] Full Range Short-to-relatively far Middle Middle
 Offset [m] Full Range 800-8400 2800-8000 4800-8000
 Peak [m] 7900-8750 1700-5500 7000-7500 7000-7500
4.2. Results of the visual analysis














influences the convergence of the other to a solution different from the true one (i.e., the reference 
model).
Except	for	frequency,	all	the	other	parameters	exhibit	a	similar	behaviour	with	comparable	
sensitivity	 levels,	 slightly	higher	 for	 the	 layer	 depth.	Moreover,	 in	 contrast	 to	 frequency,	 the	
trends	of	the	other	parameters	(Figs.	6b,	6c,	and	6d)	illustrate	noticeable	shifts	(e.g.,	eccentricity	
distance)	 that	create	 local	minimas,	which	 indicate	 that	more	 iterations	would	be	 required	 to	
Fig.	5	-	The	residuals	versus	distance	plots.
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converge	 towards	 the	global	minima	 in	a	complex	 inversion	environment.	Consequently,	 this	
raises	an	alert	about	the	stability	of	any	inversion	procedure	that	might	get	trapped	in	such	local	
minimas, whose existence can be justified by the existing correlations between the studied test 
parameters.
4.3. Results of the visual analysis
The	residuals	versus	distance	plots	for	both	scenarios	are	shown	in	(Fig.	7).	The	T-equivalence	
theorem would have been definitively validated if the residuals had approximately the same 
value,	in	other	words,	if	the	residuals	depicted	a	negligible	variation.	Regarding	Scenario	A	(Fig.	
7a)	and	Scenario	B	(Fig.	7b),	the	variation	of	the	residuals	is	less	than	one	order	of	magnitude.	
Consequently,	 it	 could	 be	 inferred	 that	 the	 residuals	 have	 approximately	 the	 same	 value	 and	
therefore	 the	T-equivalence	 theorem	 is	 proven	 and	 validated.	The	 comparison	 shows	 that	 the	
variation	range	of	the	residuals	of	Scenario	A	(Fig.	7a)	is	higher	than	the	variation	range	of	the	
residuals	of	Scenario	B	(Fig.	7b).	Therefore,	it	can	be	interpreted	that	the	T-equivalence	assumption	











the layer geometrical parameters (depth and thickness), and finally by the layer conductivity. The 
inspection	 of	 the	 sensitivity	 versus	 offset	 suggests	 that	 different	 complementary	 offset	 ranges	
can be used to invert the different parameters, probably increasing the inversion efficacy and 
reliability.	This	 aspect	 could	 be	 further	 investigated	 by	 analyzing	 the	 eigenvector/eigenvalues	
structure	of	the	Jacobian:	this	topic	has	been	addressed	by	some	of	the	authors	of	this	paper	in	
other	referenced	publications.	
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Finally,	 we	 have	 exploited	 the	 computed	models	 to	 check	 and	 validate	 the	 T-equivalence	
theorem, finding that it holds especially well when changing the layer thickness inversely to the 
resistivity factor, but keeping the depth of the centre of the layer fixed.
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